It has been proposed that deep brain stimulation (DBS) of the subthalamic nucleus (STN DBS) and dopaminergic therapy ameliorate the symptoms of Parkinson's disease through similar functional mechanisms. We examined this notion using PET to compare the metabolic effects of these treatment approaches. Nine Parkinson's disease patients (age 61.7 6 11.1 years) were scanned ON and OFF STN stimulation and nine others (age 60.0 6 9.3 years) were scanned ON and OFF an individual titrated intravenous levodopa infusion. The two treatment groups were matched for baseline disease severity as well as clinical response to therapy. Similarities and differences in the effects of treatment on regional metabolism were assessed using statistical parametric mapping (SPM). In addition, we used network analysis to assess the effect of therapy on the expression of an abnormal Parkinson's disease-related spatial covariance pattern (PDRP). We found that both STN DBS and levodopa therapy were associated with significant (P < 0.001) metabolic reductions in the putamen/globus pallidus, sensorimotor cortex and cerebellar vermis, as well as increases in the precuneus (BA 7). The metabolic effects of the two interventions differed in the STN and medial prefrontal cortex, with relative increases with stimulation in the former structure and decreases in the latter. Network quantification disclosed reductions in PDRP activity with both interventions, which correlated with clinical improvement (P < 0.05). The degree of network modulation by therapy did not differ significantly for the two treatment approaches (P > 0.6). These findings support the results of previous imaging studies indicating that effective symptomatic therapies for Parkinson's disease involve a common mechanism. The modulation of pathological brain networks is a critical feature of the treatment response in parkinsonism. Keywords: Parkinson s disease; subthalamic nucleus; deep brain stimulation; brain metabolism; PET Abbreviations: CSPTC = cortico-striato-pallido-thalamocortical; DBS = deep brain stimulation; FDG = 18F-fluorodeoxyglucose; GPi = internal globus pallidus; HVLT-R = Hopkins verbal learning test-revised; NART = National Adult Reading Test; PDRP = Parkinson's disease-related pattern; SDMT = symbol digit modality test; STN = subthalamic nucleus; UPDRS = Unified Parkinson's Disease Rating Scale
Introduction
The subthalamic nucleus (STN) plays a critical role in modulating the activity of cortico-striato-pallido-thalamocortical (CSPTC) loops and related pathways (Parent and Hazrati, 1995a, b; Hamani et al., 2004) . The motor symptoms of Parkinson's disease have been associated with increased STN activity, resulting in excessive inhibitory outflow from the basal ganglia to the thalamus and brainstem (Wichmann and DeLong, 1996; Vitek and Giroux, 2000) . A variety of stereotaxic surgical approaches, including high frequency deep brain stimulation (DBS), have been introduced to modulate STN neural activity and restore normal functioning to motor CSPTC circuitry (Benabid, 2003; Lozano and Mahant, 2004) . Dopaminergic therapy also appears to suppress the activity of STN and its excitatory projections to the internal globus pallidus (GPi) and the pars reticulata of the substantia nigra (SNpr) .
PET can provide useful information concerning the functional status of CSPTC pathways in Parkinson's disease and related disorders (Eidelberg et al., 2000; Carbon and Eidelberg, 2002) . In particular, network analyses of regional PET data have consistently revealed the presence of an abnormal spatial covariance pattern associated with this disease (Eidelberg et al., 1994; Moeller et al., 1999; Lozza et al., 2004; Asanuma et al., 2005) . This Parkinson's disease-related pattern (PDRP) is characterized by increased pallidothalamic and pontine metabolic activity associated with relative reductions in premotor and posterior parietal cortical regions. We have attributed this abnormal metabolic topography to overactivity of internal pallidal (GPi) afferents from STN and consequent increases in inhibitory pallidal outflow to the ventral thalamus and pons, in turn resulting in a reduction in thalamocortical afferent activity (Eidelberg et al., 1994 (Eidelberg et al., , 1996 (Eidelberg et al., , 1997 . Indeed, STN lesioning has been found to produce a marked and sustained reduction in network activity in Parkinson's disease patients with advanced disease (Su et al., 2001; Trošt et al., 2003) . Analogous changes in PDRP expression have also been observed during levodopa infusion, consistent with pharmacological suppression of the STN and its efferent projections (Feigin et al., 2001) .
The activity of STN and its projection pathways can also be modulated by high frequency stimulation. Although the precise mechanism of DBS action is not known, a number of experimental studies have pointed to local inhibition as the major effect of this intervention in Parkinson's disease (Filali et al., 2004; Lozano and Mahant, 2004; McIntyre et al., 2004a, b) . In a recent PET study comparing STN DBS and lesioning, we reported significant declines in PDRP expression with both interventions (Trošt et al., 2006) . However, generalization based upon these findings was limited by the small number of subjects in each treatment group, the very advanced symptoms of the patients and the mainly unilateral nature of the stereotaxic procedures that were performed.
In the present study we applied a similar network-based approach to compare STN DBS with levodopa administration, two interventions for Parkinson's disease that are thought on clinical grounds to be mechanistically similar (Krack et al., 2002; Vingerhoets et al., 2002) . To this end, we used PET to assess the metabolic consequences of this procedure in a larger, more typical cohort of moderately affected Parkinson's disease patients undergoing bilateral STN stimulation. These changes were compared with those observed in a separate group of patients who were scanned before and during intravenous levodopa infusion. Both treatment groups were matched for age and baseline disease severity, and achieved equivalent clinical responses with therapy. These imaging experiments allowed us to contrast the degree of network modulation achieved by STN DBS and levodopa, and also to rigorously assess commonalities and differences in the local metabolic effects of the two interventions.
Material and methods

Subjects
We studied nine Parkinson's disease patients with bilaterally implanted STN electrodes (7 men and 2 women, age 61.7 6 11.1 years). Nine other Parkinson's disease patients (6 men and 3 women, age 60.0 6 9.3 years) served as a comparison treatment group receiving intravenous levodopa infusion. In all subjects, a diagnosis of Parkinson's disease was made if the patients had 'pure' parkinsonism without a history of known causative factors such as encephalitis or neuroleptic treatment, and did not have dementia, supranuclear gaze abnormalities or ataxia. Subjects' estimated premorbid IQ, based on the National Adult Reading Test (NART) (Nelson, 1982) , was in the high average range (115.9 6 12.3). The average depression rating (Beck, 1987) was within normal limits (5.8 6 4.6). Before study entry, all patients demonstrated at least 20% improvement in the motor portion of the Unified Parkinson's Disease Rating Scale (UPDRS; Fahn and Elton, 1987) with treatment. (However, during the imaging experiments, one patient in each group demonstrated an improvement in the motor UPDRS in the 15-20% range.) The clinical response to treatment was highly significant in both treatment groups (P < 0.001).
Patient characteristics are presented in Table 1 . Limited clinical and metabolic data from Patients 2-6 in the levodopa infusion group have appeared previously (Feigin et al., 2001) . In addition to age, both groups were matched for baseline motor ratings (OFF state UPDRS 33.3 6 12.1 and 28.9 6 7.0 for the DBS and levodopa groups, P = 0.9) and for clinical response to treatment (change in motor UPDRS 39.1 and 38.3% for the respective treatment groups, P = 0.7).
Study design
The PET studies were performed on two consecutive days. All antiparkinsonian medications were held for at least 12 h before each day of testing. On one day, the patients were scanned off levodopa/DBS (OFF state). On the other day, the same patients were scanned either during bilateral STN stimulation or during an individually titrated levodopa infusion adjusted to achieve maximal clinical improvement without inducing dyskinesia (ON state). [The details of these procedures have been presented elsewhere (Feigin et al., 2001; Fukuda et al., 2001 ).] The order of the sessions was randomized. Subjects were rated according to UPDRS at each scanning session. Subjects fasted overnight before imaging. Subjects were scanned with 18 F-fluorodeoxyglucose (FDG) and PET using the GE Advance tomograph (General Electric Medical Systems, Milwaukee, WI) at North Shore University Hospital. This eight-ring bismuth germanate scanner provided 35 2D image planes with axial field view of 14.5 cm and transaxial resolution of 4.2 mm in all directions. In each PET session (ON and OFF), the patients were positioned in the scanner using a stereoadapter with three-dimensional laser alignment. All FDG PET studies were performed with the subject's eyes open in a dimly lit room with minimal auditory stimulation. Global and regional metabolic rates for glucose were calculated on a voxel basis as described previously .
All patients in the STN DBS treatment group and seven members of the levodopa treatment group completed a brief neuropsychological assessment in both the ON and OFF conditions. Alternate forms of the following instruments were administered in all the examined subjects: brief test of attention (Schretlen, 1989) ; symbol digit modality test (SDMT) (Smith, 1982) ; controlled oral word association (Benton et al., 1994) ; and the Hopkins verbal learning test-revised (HVLT-R) (Brandt and Benedict, 2001 ).
Ethical permission for the studies was obtained from the Institutional Review Board of North Shore University Hospital. Written consent was obtained from each subject following detailed explanation of the procedures.
Data analysis
Data processing was performed using SPM99 (Wellcome Department of Cognitive Neurology, London, UK) implemented in MATLAB (Mathworks, Sherborn, MA). The scans from each subject were non-linearly warped into Talairach space (Talairach and Tournoux, 1988) and were smoothed with an isotropic Gaussian kernel (FWHM 10 mm for all directions) to improve the signal to noise ratio.
We used the paired t-test option in SPM99 to assess the regional metabolic changes induced by STN DBS and by levodopa infusion. The general linear model (GLM) was used to compare metabolic responses with treatment across interventions on a voxel-by-voxel basis. We first used conjunction analysis (Price and Friston, 1997) with multi-group and multi-condition options to identify regions in which the two interventions gave rise to similar metabolic changes (i.e. areas where both interventions led to either increases or decreases in regional glucose utilization). We then used a separate linear contrast to localize regions in which the treatment effects on metabolism differed across interventions (i.e. areas where metabolism increased with one treatment but decreased with the other, or vice versa).
In these SPM analyses we hypothesized that both STN DBS and levodopa would alter metabolic activity within CSPTC loops and related cerebello-cortical pathways. We therefore assessed treatment-induced changes and group differences within a set of voxels known to be abnormal in Parkinson's disease subjects on the basis of prior PET studies. This was accomplished by creating a mask defined by significant (P < 0.001) between-group metabolic differences in an independent population of 69 unmedicated Parkinson's disease patients and normal volunteer subjects . The mask included the basal ganglia, thalamus, pons and cerebellum, as well as the motor, premotor, anterior cingulate, prefrontal and posterior parietal cortical regions. Metabolic changes within this mask were considered part of the distributed network of regions altered in Parkinson's disease and not independent of each other. For hypothesis testing, changes within the mask were considered significant at P < 0.01, uncorrected for multiple regional comparisons. The effects outside the Parkinson's disease mask were considered to be hypothesis-generating at a threshold of P < 0.001 (uncorrected), and were considered significant if they survived correction for multiple comparisons at P < 0.05. Coordinates were reported in the standard anatomical space developed at the Montreal Neurological Institute. The cytoarchitectonic localization of each reported cluster was confirmed using the Talairach space utility (TSU, available at http://www.ihb.spb.ru/~pet_lab/TSU/ TSUMain.html).
Network analysis
In all subjects, the expression of the PDRP network ( Fig. 1) was quantified in the OFF and ON conditions using a fully automated voxel-based algorithm (Asanuma et al., 2005; Trošt et al., 2006 , software available at http://neuroscience-nslij.org/Methods/ software.html). All PDRP computations were performed blind to subject intervention, group (STN DBS or levodopa), treatment condition (OFF or ON) and clinical status (UPDRS motor ratings). As part of this analysis, we also quantified PDRP expression in 14 additional Parkinson's disease patients (age 63.5 6 7.7 years; UPDRS motor ratings 24 6 13.2) who were scanned twice with FDG PET in the same treatment condition. PDRP scores for this test-retest group served as control values for comparison with the two treatment groups. Baseline PDRP scores for the three groups (i.e. the OFF condition for the two treatment groups and the first scan for the test-retest group) were compared using one-way analysis of variance (ANOVA). These values were also correlated with baseline UPDRS motor ratings using pearson product moment correlation coefficients.
To determine group differences in treatment response, we performed a two-way ANOVA on the PDRP scores from the three groups with the treatment condition as the repeated measure. By examining the group · treatment interaction effect, this analysis allowed us to assess the change of PDRP expression following treatment in each intervention group relative to the change in PDRP expression in the test-retest reference group. If a significant grouptreatment interaction effect was observed, post hoc Bonferroni pairwise comparisons were used to assess the change of PDRP expression within each group. If significant treatment effects were observed in both intervention groups relative to the reference group, we performed another two-way (group-treatment) ANOVA including only the two intervention groups in order to examine the comparability of the treatment effects between the two interventions. Additionally, we examined the correlation between the changes in PDRP scores and UPDRS motor ratings for each of the treatment groups (STN DBS or levodopa) by computing Pearson's correlation coefficients.
SPM and network computations were conducted on PCs running Windows 2000. ANOVA and correlation analyses were performed on these PCs using SPSS software (SPSS Inc., Chicago, IL); the results were considered significant at P < 0.05.
Results
Changes in regional glucose metabolism with treatment STN DBS. Voxel-based contrast of ON and OFF scans (Table 2A ) disclosed several areas with significant metabolic change during stimulation. With treatment, regional glucose metabolism declined in the right putamen, left GPi and prefrontal cortex (BA 10), and bilaterally in the sensorimotor cortex and cerebellar vermis. Stimulation was associated with increased glucose metabolism in a cluster of voxels spanning the subthalamic region and ventrolateral thalamus, and in the right medial posterior parietal cortex (precuneus, BA 7).
Levodopa infusion. Voxel analysis (Table 2B) revealed that this intervention was associated with significant metabolic reductions in the cerebellar vermis, in the left globus pallidus and ventral thalamus, and bilaterally in sensorimotor cortex. This intervention was associated with increased metabolism in the right cerebellar hemisphere, precuneus (BA 7) and prefrontal cortex (BA 10, 11).
Comparison of interventions. Voxel-wise comparison of the OFF scans from the STN DBS and levodopa cohorts revealed no significant group differences in regional metabolism at baseline. Conjunction analysis disclosed several local metabolic changes that were common to both interventions (Table 3A ; Fig. 2 ). Metabolic declines in the putamen/globus pallidus, sensorimotor cortex (BA 4/3) and cerebellar vermis were shared features of STN DBS and levodopa infusion, as were metabolic increases in the precuneus. In contrast, the local metabolic response to treatment differed between interventions in only two brain regions (Table 3B ; Fig. 3 ). In the ventromedial prefrontal cortex (BA 10, 11), STN stimulation and levodopa infusion were respectively associated with treatment-induced reductions and increases in local glucose et al., 2000) . *P < 0.01; **P < 0.001 (uncorrected, within hypothesis-testing mask); † P < 0.05 (corrected for multiple non-independent comparisons). (Asanuma et al., 2005) . This pattern was characterized by relative metabolic increases in the pallidum and thalamus (upper left), in the pons and cerebellum (bottom left) and in sensorimotor cortex (SMC) (upper right). These changes covaried with metabolic decreases in the lateral premotor cortex (PMC) and in parieto-occipital association regions (bottom right).
[The display represents voxels that contribute significantly to the network at P = 0.001, and that were demonstrated to be reliable (P < 0.001) on bootstrap estimation (Efron and Tibshirani, 1994) . Voxels with positive region weights (metabolic increases) are colour coded from red to yellow; those with negative region weights (metabolic decreases) are colour coded from blue to purple.]
utilization. The opposite metabolic effects were noted in a single cluster extending from the ventral thalamus to the subthalamic region, with local increases with stimulation and decreases with levodopa infusion.
Changes in network expression with treatment PDRP scores were computed for the ON and OFF conditions of the two treatment groups and for the test-retest scan pairs of the reference group (Fig. 4) . One-way ANOVA revealed significant differences in baseline PDRP expression across groups [F(2,29) = 4.9, P < 0.02]. Post hoc pairwise testing showed higher baseline network activity (P < 0.05) in the STN DBS group relative to the other groups. Baseline PDRP scores correlated with UPDRS motor ratings (r = 0.37, P < 0.05) across the three groups. We also found that the treatment effects (ON versus OFF) differed for the three groups as supported by the results of two-way ANOVA, which revealed a significant grouptreatment interaction [F(2,29) = 4.8, P < 0.02]. Post hoc pairwise testing showed significant reductions in PDRP expression in the STN DBS (P < 0.005) and the levodopa (P < 0.02) groups, but not in the reference group (P > 0.6). This indicates that each of the two interventions is associated with PDRP network suppression relative to the testretest cohort. Subsequent analysis of the STN DBS and levodopa infusion groups revealed no significant interaction effect between the two interventions and the treatment conditions [F(1,16) = 0.2; P > 0.6]. This is consistent with the observation that the two interventions were associated with similar degrees of network suppression (Fig. 5, left  panel) . In both treatment groups, reductions in PDRP According to the atlas of Schmahmann (Schmahmann et al., 2000). *P < 0.01; **P < 0.001 (uncorrected, within hypothesis-testing mask); † P < 0.05 (corrected for multiple non-independent comparisons). expression with treatment were found to correlate with the percent improvement in UPDRS motor ratings (STN DBS: r = 0.79, P < 0.01; levodopa infusion: r = 0.59, P < 0.05).
Effects of treatment on neuropsychological tests
The means and standard deviations for each test in the ON and OFF conditions for the two treatment groups are presented in Table 4 . For each of the neuropsychological tests, we assessed ON/OFF changes in performance in the two treatment groups using a 2 · 2 repeated measures ANOVA. A significant interaction (group · treatment) was identified [F(1,14) = 5.33, P < 0.05] for the recognition component (hits À false positives) of the HVLT-R. Post hoc testing indicated an improvement in performance in the levodopa group (t = À2.42; P < 0.05), with stable performance in the STN DBS group (t = 0.48; P = 0.65). We also found improved performance for delayed recall [F(1,14) = 9.8; P < 0.01), percent retention [F(1,14) = 10.1; P < 0.01] and SDMT [F(1,14) = 10.6; P < 0.01] in both treatment groups. No significant treatment effects were found for the other tests.
Discussion
In this direct comparison of the metabolic effects associated with STN DBS and levodopa infusion, we found that the two interventions achieve clinical benefit through similar mechanisms. Indeed, both treatment approaches were associated with comparable reductions in PDRP network activity, which correlated with the clinical improvement that was achieved. Overall, the findings support the notion that modulation of pathological network activity is the basis for therapeutic benefit in Parkinson's disease.
Metabolic effects of STN DBS
In this study we found that bilateral STN stimulation was associated with reduced resting glucose utilization in the putamen, globus pallidus, primary motor and prefrontal cortex, and cerebellar vermis. The finding of discrete metabolic reductions in motor cortical and cerebellar areas distant from stimulation site accord with prior studies showing analogous changes in resting regional cerebral blood flow and metabolism during STN stimulation (Limousin et al., 1997; Ceballos-Baumann et al., 1999; Hershey et al., 2003; Payoux et al., 2004; Trošt et al., 2006) . The observed stimulation-induced declines in metabolism in the sensorimotor cortex and cerebellar vermis may reflect a reduction in the abnormal synchronized oscillation of motor cortical neuronal activity that has been proposed to occur with anti-parkinsonian treatment (cf. Goldberg et al., 2002; Levy et al., 2002; Haslinger et al., 2005) . Alternatively, . In one of these subjects, the change in PDRP expression was also computed from a separate set of scans performed off and on levodopa infusion without STN DBS (open triangle). Right panel: These measures were compared with those computed on the basis of previous PET data (grey) from patient cohorts undergoing GPi and STN lesioning (Eidelberg et al., 1996; Su et al., 2001) and stimulation Trošt et al., 2006) . [The changes in PDRP expression were computed on a hemisphere-by-hemisphere basis for all treatment groups. For the unilateral surgical interventions, these values reflect changes in network activity in the operated hemispheres. For the bilateral therapies, including levodopa infusion, PDRP changes were computed for each hemisphere and averaged Scores with significant interactions are given in boldface (P < 0.05; see text). a Reference based on average age of study participants. *Significant main effect of treatment (P < 0.01).
these changes may be secondary consequences of reduced proprioceptive input following reductions in tremor and/ or rigidity. Likewise, metabolic declines in the globus pallidus and putamen may be attributable to reductions in the synaptic activity of STN projections to neighbouring structures (Parent and Hazrati, 1995b) . Indeed, we have noted similar changes in previous FDG PET studies of patients undergoing STN lesioning (Su et al., 2001; Trošt et al., 2003 Trošt et al., , 2006 . We also observed that STN DBS increased metabolism in the vicinity of the subthalamic target site extending rostrally into the ventral thalamus. Similar findings have been reported with 15 O-labelled water and PET during STN stimulation (Hershey et al., 2003) . These changes can be attributed to the direct effects of electrical current on the cell membrane by depolarization block (Beurrier et al., 2001) , by increasing inhibitory afferents from the external globus pallidus to STN or by a combination of the two mechanisms. The presence of stimulationinduced metabolic increases in the ventrolateral thalamus with STN DBS has also been described previously (Hilker et al., 2004) . This effect may be the result of activation of fibre pathways to the thalamus in the vicinity of the STN (Parent et al., 2000) .
Stimulation-induced increases in regional metabolism were also observed in the precuneus. This posterior parietal region is known to receive afferents from prefrontal regions, sensory cortex and multiple thalamic relay nuclei (Yeterian and Pandya, 1985; Neal et al., 1990; Taktakishvili et al., 2002) . As suggested by prior PET studies, metabolic increases in the precuneus with treatment may be a downstream effect of functional changes in any of these areas (Hilker et al., 2004; Vafaee et al., 2004; Goerendt et al., 2006; Trošt et al., 2006) . Given the stimulation-induced metabolic reductions in the sensorimotor and prefrontal regions seen in this study, it is likely that the increases in the precuneus were related to changes in the activity of afferent projections from the ventral thalamus rather than from other cortical fields. We note that the metabolic effects of stimulation involved preferentially the left STN/ventral thalamus (increases) as well as the left pallidum and prefrontal cortex (decreases). The apparent unilaterality of the metabolic response to bilateral STN DBS can be attributed to the stringent statistical threshold that was employed. At a more liberal hypothesis-testing threshold (P = 0.05, within mask), we identified bilateral responses in these regions. The magnitude of the metabolic response was however greater on the left for these structures, perhaps as a consequence of the marginally higher amplitudes of stimulation used on that side.
Comparison of the metabolic effects of STN DBS and levodopa infusion
In this study we also compared the metabolic effects of STN DBS with those induced by levodopa. Although ideally this comparison should have been performed using a withinsubject design, dosimetric limitations necessitated an alternative cross-sectional approach. In this design, the subjects undergoing levodopa infusion were matched for both age and baseline disease severity with the STN DBS group. The comparison of changes in regional metabolism across interventions was further facilitated by selecting patient cohorts with nearly identical clinical responses to treatment. Indeed, voxel-wise analysis disclosed shared metabolic reductions in the putamen/globus pallidus, sensorimotor cortex and cerebellar vermis in the two interventions. These findings are compatible with prior studies describing metabolic decreases in the primary motor area and cerebellar vermis with levodopa administration (Feigin et al., 2001; Hilker et al., 2002) , and suggest a common final pathway for the therapeutic actions of dopaminergic therapy and STN stimulation. Although reductions in putamen and pallido-thalamic hypermetabolism have been noted with levodopa therapy (Blesa et al., 1991; Feigin et al., 2001) , these local effects have not been reported in prior resting state comparisons of the ON and OFF STN stimulation conditions (Ceballos-Baumann et al., 1999; Hilker et al., 2002; Payoux et al., 2004) . Subtle changes in GPi metabolism with STN stimulation have however been detected using conjunction analysis (Trošt et al., 2006) , which can capture such small effects if they are shared across interventions. Interestingly, as with STN DBS, the metabolic response to levodopa was asymmetrical, with greater treatment-induced subcortical changes on the left. This finding is consistent with similar left-sided asymmetries in cerebral blood flow observed in parkinsonian primates and in Parkinson's disease patients treated with levodopa (Hershey et al., 2000 (Hershey et al., , 2003 Goerendt et al., 2006) . These observations have been linked to structural asymmetries in the nigrostriatal system.
We also found that both interventions were associated with metabolic increases in the precuneus. Similar changes in the posterior parietal cortex have been described in previous PET studies of STN stimulation (Hilker et al., 2004; Vafaee et al., 2004; Trošt et al., 2006) and dopaminergic therapy (Goerendt et al., 2006) . The precise mechanism underlying the observed enhancement of neural activity in this region by anti-parkinsonian therapy is unclear. As discussed above, STN DBS may increase glucose utilization in parietal association regions by potentiating afferents from prefrontal cortex and/or thalamic relay nuclei. These cortical regions also receive dopaminergic input (Lewis and Sesack, 1997) and may be directly responsive to pharmacologic repletion of this neurotransmitter (Mattay et al., 2002; Carbon et al., 2003b) . Irrespective of mechanism, the degree of local metabolic enhancement that was observed in the precuneus was similar for both interventions. This suggests that STN DBS and levodopa may have comparable effects on neuropsychological tests associated with the functioning of this region.
In contrast, the two interventions differed in their effects on prefrontal metabolism. Specifically, compared to levodopa, STN stimulation was associated with decreased metabolism in the ventromedial prefrontal cortex. This effect may be mediated via the mediodorsal thalamus or through antidromic modulation of prefrontal-STN pathways (Maurice et al., 1998; Middleton and Strick, 2002; cf. Chudasama et al., 2003) . This relative suppression of medial prefrontal activity may explain aspects of the neurobehavioural effects of therapy that are specific for STN stimulation (Pillon et al., 2000; Saint-Cyr et al., 2000; Funkiewiez et al., 2004) . Indeed, analysis of the neuropsychological data revealed significant effects of treatment in several of the tests that were administered. Improvement in the SDMT was noted for both treatments. This is expected given the substantial motor component of this task. In contrast, the different components of the memory test (HVLT-R) varied between treatments. Improvements with both interventions were found for the delayed recall components of this task, as was previously observed with STN DBS (Hilker et al., 2004) . However, the effect of treatment on recognition memory appears to be more complex, in that performance is improved by levodopa and not STN stimulation. Recognition memory has previously been shown to relate to the integrity of the prefrontal cortex, particularly ventrally (Grady et al., 2005) . Our behavioural findings are consistent with the PET data showing a difference in the metabolic effects of the two interventions in this dopaminoceptive region (Lewis and Sesack, 1997; Kaasinen et al., 2000; Seamans and Yang, 2004) . It is conceivable that levodopa enhances dopamine signalling locally, thereby improving both prefrontal functioning and task performance. This effect appears not to be present with STN DBS, in keeping with the variable metabolic responses reported in the prefrontal area and other cortical regions with this intervention (Hershey et al., 2003; cf. Hilker et al., 2003) .
Network modulation: a common feature of anti-parkinsonian therapy
Using an automated approach for quantifying network activity in single scans, we found that both STN DBS and levodopa were associated with downward modulation of the PDRP, a previously validated disease-related spatial covariance pattern. The suppression of abnormal PDRP activity by treatment is consistent with the results of the SPM analysis, which localized the metabolic effects of both interventions to discrete nodes within this pathological brain network. Indeed, many of the regional metabolic changes observed during treatment for the motor manifestations of Parkinson's disease can be interpreted in the context of the PDRP topography. Both STN DBS and levodopa are associated with declines in pallidal metabolism, as well as concomitant downstream reductions in the activity of pallidofugal inhibitory afferents to the ventral thalamus and pons (cf. Eidelberg et al., 1997) . (In the case of STN DBS, there may also be a direct effect on ventrolateral thalamic activity via local fibre bundles surrounding the target.) It appears that changes in thalamic activity with treatment can give rise to two separate effects on cortical functioning within the PDRP. Brain regions like the premotor cortex (PMC) and posterior parietal cortex are relatively hypometabolic in untreated Parkinson's disease (Eidelberg et al., 1994) . Treatment with levodopa or STN DBS gives rise to metabolic increases in these areas, presumably by increasing excitatory afferent activity from the thalamus. In contrast, as discussed above, the sensorimotor cortex is metabolically overactive at baseline. Metabolism in this region is reduced by treatment, perhaps through the potentiation of inhibitory pathways involving the thalamic reticular nucleus (Benazzouz and Hallett, 2000) . In both interventions, the decline in metabolism in the sensorimotor cortex is associated with concomitant reductions in the activity of its efferent projections to the putamen and cerebellar vermis.
The relevance of the treatment-mediated reduction in PDRP expression is supported by the presence of significant correlations between the network changes and clinical measures of motor improvement. Furthermore, STN DBS and levodopa produced comparable degrees of PDRP suppression, consistent with their similar treatment effects. These findings suggest that a common functional/anatomical pathway underlies the therapeutic effects of both STN DBS and dopaminergic therapy. This notion is consistent with the clinical experience that oral levodopa can be substantially reduced or discontinued following STN stimulation (Vingerhoets et al., 2002) . However, regional differences in the metabolic effects of the two interventions were also identified, raising the possibility of synergism (Peppe et al., 2004) . It is noteworthy that divergent effects of therapy were identified in the ventromedial prefrontal cortex, a region lying outside the boundaries of the PDRP. As mentioned above, these metabolic changes may be more relevant to behavioural/cognitive aspects of the therapeutic response rather than to motor symptoms.
We found that baseline PDRP expression was significantly greater in the DBS cohort, despite the fact that the two treatment groups did not differ with respect to the corresponding UPDRS motor ratings. While network values significantly correlated with UPDRS ratings at baseline, the magnitude of this effect was small (R 2 < 15%). Indeed, in a recent PET study , we found that the relationship between longitudinal changes in these two parameters was also rather weak. Thus, although correlated with the UPDRS, subject expression of PDRP network is likely to represent a different feature of disease progression than standardized clinical motor ratings.
It is also important to note that although PDRP suppression is a common feature of both STN DBS and levodopa therapy, this effect is not necessarily additive. We have recently measured PDRP changes in two subjects scanned while receiving both STN stimulation and levodopa infusion as the ON condition. In both cases, the decline in PDRP expression induced by both interventions in combination Network modulation in Parkinson's disease Brain (2006) was within the range of values observed with stimulation alone (see Fig. 5 , left panel; filled symbols). In one of these subjects, this ON/OFF difference in PDRP expression (filled triangle) was compared with that obtained in the same individual during a separate 2-day scanning session performed OFF and ON levodopa infusion alone, without STN stimulation (open triangle). Despite nearly identical baseline PDRP scores for both treatment sessions, the addition of STN stimulation to levodopa reduced PDRP expression only by an additional 20% (OFF/ON PDRP scores: 9.8/5.2 and 9.9/4.6 for levodopa and combined therapy, respectively). It is likely that therapeutic modulation of PDRP activity is limited by a floor effect defined roughly by the degree of network expression that can be achieved by STN lesioning (see Fig. 5, right panel) . Modulation of abnormal PDRP activity is a feature of other clinically effective approaches for the management of Parkinson's disease symptoms. Our computational approach allowed us to assess changes in network expression across multiple treatment groups in a single, comprehensive analysis. These data (Fig. 5) , based upon the current experiments and our prior FDG PET studies (Eidelberg et al., 1996; Fukuda et al., 2001; Su et al., 2001; Trošt et al., 2006) indicate that although PDRP suppression is a feature of all the studied interventions, the magnitude of this effect is dependent upon the surgical target (GPi or STN) and mode of treatment (lesion or stimulation). In agreement with the general clinical impression that STN is superior to GPi as a treatment target (Hamani et al., 2004; Volkmann, 2004) , the magnitude of network modulation was greater for interventions involving the former, more proximal structure. Given the possibility of superimposed excitatory effects with DBS (Hashimoto et al., 2003; McIntyre et al., 2004a, b) , treatment-mediated reductions in PDRP activity were found to be relatively smaller for stimulation than for lesioning of either the STN or GPi (cf. Trošt et al., 2006) . Moreover, for each intervention, changes in PDRP expression with treatment correlated significantly with objective measures of clinical improvement (Carbon et al., 2003a; Trošt et al., 2006) . Overall, these results suggest that assessing treatment-mediated changes in the expression of Parkinson's disease-related brain networks may be a useful means of evaluating new therapeutic options for this disease.
